Signaling through Ras GTPases controls the activity of many transcription factors including CCAAT/enhancer-binding protein (C/EBP␤), which regulates oncogenic H-Ras
3
is a common means of controlling gene expression in response to extrinsic and intrinsic cellular signals (1) . Several activities of TFs, including DNA binding, dimerization, transactivation, subcellular localization, and protein stability, can be influenced by signal-dependent modifications. For example, the association of CREB with its coactivator p300/CBP requires phosphorylation on Ser-133 (2) , and phosphorylation of steroid receptors regulates their DNA binding and transactivation functions (3) . Stimulus-induced increases in DNA binding have been observed for several TFs, suggesting that their binding activity is intrinsically repressed (auto-inhibited) in the absence of an activating signal (4) . Auto-inhibition serves as a mechanism to stringently control the activity of proteins involved in critical biological processes such as signal transduction, proliferation, development, and tumorigenesis. In some cases, specific autoinhibitory sequences have been identified. For instance, Graves and colleagues (5) have shown that Ets-1 DNA binding is repressed by inhibitory regions flanking the DNA-binding domain.
Tumor cells frequently contain activating mutations in Ras GTPases, growth factor receptors that signal through Ras, or downstream kinases such as Raf. These dysregulated signals are ultimately transmitted to TFs such as AP-1 that alter gene expression and promote oncogenic transformation (6) . C/EBP␤ is a member of the CCAAT/enhancer-binding protein family of bZIP TFs (7) that has emerged as another physiological target of Ras signaling. C/EBP␤ can mediate either prooncogenic or anti-oncogenic responses to activated Ras, depending on the cellular context (8) . The pro-oncogenic functions of C/EBP␤ include suppression of apoptosis (9) , which in some cases has been shown to involve regulation of the growth and survival factor, IGF-1 (10) . In contrast, C/EBP␤ has an antioncogenic role in primary fibroblasts where it promotes oncogene-induced senescence (11, 12) . Oncogene-induced senescence is a permanent state of cell cycle arrest induced by oncogenic stress, such as expression of constitutively activated forms of Ras and Raf, and provides a barrier to tumor development (13) . Oncogene-induced senescence is bypassed in Cebpb Ϫ/Ϫ mouse embryonic fibroblasts (11) and in human diploid fibroblasts lacking C/EBP␤ (12) , demonstrating the importance of C/EBP␤ in cell cycle arrest and senescence.
In view of the key role C/EBP␤ plays in cellular responses to oncogenic and physiological Ras signals, we wish to understand the pathways and mechanisms that control its activity. We and others (14, 15) previously showed that C/EBP␤ is an intrinsically repressed protein that contains two regions, termed regulatory domains 1 and 2 (RD1 and RD2), which inhibit transac-tivation. RD1 includes a conserved SUMOylation site that influences the transcriptional activity of several C/EBP family members (15) . Leutz and colleagues (16, 17) also reported that two phylogenetically conserved regions in chicken C/EBP␤ (aka NF-M), CR5 and CR7, inhibit transactivation of a reporter gene and suppress NF-M-mediated activation of endogenous myelomonocytic-specific target genes. Auto-inhibition was overcome by expression of kinase oncogenes such as ras, raf, or v-erbB, indicating that oncogenic signals stimulate the transcriptional functions of C/EBP␤.
Here we have extended these observations by showing that C/EBP␤ DNA binding is intrinsically repressed and becomes activated by oncogenic Ras signaling (see also Ref. 18) . We identified three short sequences in the N-terminal portion of C/EBP␤ that mediate auto-inhibition: a region of high hydrophobicity and predicted secondary structure termed the "autoinhibitory domain" (AID) that resides within CR5 and two XX-like motifs ( denotes a hydrophobic residue). XX or LXXLL/LXXLF motifs are ␣-helical sequences involved in inter-and intraprotein interactions and that are critical for auto-inhibition of steroid receptors and other regulatory proteins (19, 20) . A third XX motif was identified near the C/EBP␤ C terminus, which is also involved in auto-repression. We propose that intramolecular interactions involving these motifs and the bZIP region maintain C/EBP␤ in a repressed state that inhibits both DNA binding and transactivation. We further show that the three N-terminal auto-inhibitory elements mediate association of C/EBP␤ with p300/CBP coactivators.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-The G 5 E1b-luc reporter, pcDNA3.1 expression vectors for rat C/EBP␤, and GAL4-C/EBP␤ constructs have been described (21) . pcDNA3-H-Ras V12 was obtained from C. Der. The 2ϫ C/EBP-Luc reporter was a gift from P. Rorth (Carnegie Institution of Washington) and contains two repeats of the consensus C/EBP-binding site, 5Ј-TGC-AGATTGCGCAATCTGCA-3Ј, upstream of the minimal thymidine kinase promoter (22) . C/EBP␤ LXXLF motif mutants (mLX1, mLX2, and mLX3) and other point mutants were generated by site-directed mutagenesis (Stratagene). Serial C-terminal deletions (STOP mutants) were generated by placing a termination codon at each repeated leucine position in the leucine zipper. pcDNA3-CBP 1680 -2441 -2ϫFLAG (23) was kindly provided by J.-R. Cardinaux. p300 constructs were obtained from Addgene: pCMVb-HA-p300 (Addgene ID 10718; W. Sellers) and TAZ2 mutant d33 (24) (Addgene ID 10719).
Cell Transfection and Preparation of Lysates-HEK293T cells were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. 1.5 ϫ 10 5 cells were cultured in 60-mm plates for 24 h and transfected with 500 ng of pcDNA3.1-C/EBP␤ without or with 100 ng of H-Ras V12 plasmid using 2 l of FuGENE (Roche Applied Science) per g of DNA. After transfection, cells were cultured in complete medium for 24 h and serum-starved overnight prior to harvest, and nuclear extracts were prepared for electrophoretic mobility shift assay (EMSA). C/EBP␤ levels were analyzed by immunoblotting using antibody C-19 (Santa Cruz Biotechnology). For transactivation assays, cells were transfected with 100 ng of 2ϫ C/EBP-luc or G 5 E1b-luc reporter plasmid and 10 ng of C/EBP␤ or GAL4-C/EBP␤ vector, without or with 10 ng of Ras V12 plasmid. Where appropriate, 50 ng of pCMVb-HA-p300 was included. After overnight starvation, cells were lysed in 1ϫ passive lysis buffer, and lysates were analyzed using the luciferase assay system (Promega). Luciferase activity was normalized to total protein in the lysates.
EMSAs-The EMSA probe was a double-stranded oligonucleotide containing a consensus C/EBP-binding site (underlined) (5Ј-GATCCATATCCCTGATTGCGCAATAGGCTCA-AAA-3Ј) labeled with [␥-32 P]ATP and T4 polynucleotide kinase. The probe was incubated with nuclear extract in a 25-l reaction containing 20 mM HEPES, pH 7.5, 200 mM NaCl, 5% Ficoll, 5 mM dithiothreitol, 5 mM EDTA, 1 g of poly[d(I-C)], 1 g of bovine serum albumin, and 4 l of radioimmune precipitation buffer at room temperature for 30 min. DNA⅐protein complexes were separated on 6% polyacrylamide/1ϫ Tris-borate-EDTA gels.
Recombinant Proteins-His-tagged C/EBP␤ constructs containing a tobacco etch virus cleavage site after the His 6 tag (25) were cloned using Gateway recombination technology (Invitrogen). After isopropyl-1-thio-␤-D-galactopyranoside induction in Escherichia coli, cells were collected and resuspended in lysis buffer (20 mM Tris⅐HCl, pH 6.8, 150 mM NaCl, 1 mM EDTA, 1 mM benzamidine, 0.2 mM phenylmethylsulfonyl fluoride, 1 g/ml antipain, 0.1% ␤-mercaptoethanol, 0.5% Nonidet P-40) containing 50 g/ml lysozyme. After mild sonication and centrifugation, the pellet containing insoluble C/EBP␤ was resuspended in solubilization buffer (5 M urea, 50 mM Tris⅐HCl, pH 8.0, 0.1% ␤-mercaptoethanol, 1 mM benzamidine, 0.2 mM phenylmethylsulfonyl fluoride, 5 g/ml antipain) and rotated overnight. The solubilized protein was clarified and bound to a nickel-nitrilotriacetic acid column (Promega). The column was washed serially with solubilization and washing buffer (5 M urea, 50 mM Tris⅐HCl, pH 8.0, 0.1% ␤-mercaptoethanol, 5 mM imidazole, 5 g/ml antipain). Protein was eluted with 50 mM Tris⅐HCl, pH 6.5, 0.3 M NaCl, 0.1% ␤-mercaptoethanol, 0.5 M imidazole and dialyzed against 50 mM Tris⅐HCl, pH 8.0, 0.3 M NaCl, 0.1% ␤-mercaptoethanol, 50 mM imidazole, with 0.5 M arginine included to prevent aggregation. 25 g/ml purified tobacco etch virus protease (25) was added to the dialyzed eluate and incubated overnight at room temperature, after which the sample was applied to a nickel-nitrilotriacetic acid column three times to remove the His 6 fragment. Tobacco etch virus-cleaved C/EBP␤ in the flow-through fraction was dialyzed against 50 mM Tris⅐HCl, pH 8.0, 200 mM NaCl, 5% glycerol, 1 mM dithiothreitol for 2 h at room temperature, applied to a MonoS fast protein liquid chromatography column, and eluted using a linear NaCl gradient. N-terminal C/EBP␤ fragments 22-104 and 22-192 were prepared similarly except that MonoQ chromatography was used for the final purification step and the dialysis/loading buffer contained 10 mM NaCl.
GST Fusion Proteins and Pulldown Assays-The Gateway recombination system was used for cloning of GST fusion proteins. Isopropyl-1-thio-␤-D-galactopyranoside-induced bacterial cell pellet was resuspended in 10 mM Tris⅐HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA with protease inhibitors and incubated with 100 g/ml lysozyme for 15 min on ice. After adding 5 mM dithiothreitol and 1.5% sarcosyl(N-lauroylsarcosine), the lysate was sonicated for 1 min (six pulses for 10 s with a 20-s rest). After adding Triton X-100 to a final concentration of 2-4%, the solubilized GST protein was immobilized on glutathione-agarose beads (BD Biosciences). For pulldown assays, GST or GST⅐DBD beads (normalized for the amount of GST protein) were incubated with purified C/EBP␤ N-terminal fragments (22-104 or 22-192) in binding buffer (20 mM HEPES, pH 7.5, 50 mM KCl, 20 M ZnSO 4 , 10% glycerol, and 0.1% Triton X-100) at room temperature for 2 h. After washing six times with binding buffer, the bound material was eluted in sample buffer, separated by 16% SDS-PAGE, and transferred to Immobilon P. Blots were developed using an antibody against the N terminus of p34 C/EBP␤ (LAP) (26) . The membranes were subsequently stained with Ponceau S to verify equal loading of GST proteins.
Synthetic Peptides and Recombinant TAZ2 Fragment-Purified human p300 TAZ2 polypeptide has been described (27) . The C-terminal regulatory domain (CRD) peptide corresponds to aa 273-296 of rat C/EBP␤ and was purchased from Global Peptide Services; p53 peptide (aa 9 -25 of human p53) was a gift from E. Appella. p300/CBP Binding Assays-C/EBP␤ (WT, mLX1, mLX2, ⌬AID) and p300/CBP (FLAG-tagged CBP 1680 -2441 , HA-tagged p300 WT, and d33) were expressed separately in 293T cells. Nuclear extracts were prepared, diluted in binding buffer (20 mM HEPES, pH 7.9, 100 mM NaCl, 0.1 mM EDTA, 0.1% Nonidet P-40), and mixed for 2 h at 4°C prior to immunoprecipitation with anti-FLAG M2-agarose (Sigma) or mono HA.11 affinity matrix (Covance) overnight. The beads were washed six times with binding buffer and boiled in sample buffer, and the eluates analyzed for C/EBP␤ by Western blotting.
In Silico Studies-The C/EBP␤ primary structure was analyzed using several web-based servers available via the ExPASy site. Assessment of secondary structure and solvent accessibility for individual residues in the sequence was performed by the PHD method (28) included in the Predict-Protein package (29) . The hydrophobic profile was obtained using ProtScale (30) run with the default window size (5 residues). Pre-Link (31) was used to predict flexible linker regions. Hydrophobic cluster analysis (32) uses a representation of protein sequence on an ␣-helical two-dimensional pattern to better visualize structural features and the environment of each amino acid in the protein sequence. Sets of adjacent hydrophobic residues in the pattern are termed hydrophobic clusters. The shapes of these clusters and their distribution along the sequence provide useful guidance for predictions of regular secondary structure elements and protein tertiary fold (reviewed in Ref. 33 ).
RESULTS

C/EBP␤ DNA Binding Is Auto-repressed by N-terminal Sequences and Becomes Activated by Oncogenic Ras Signaling-
We recently reported that DNA binding of the major C/EBP␤ isoform, p34 LAP (aa 22-297), is suppressed and becomes stimulated by oncogenic Ras signaling (18) . To further investigate regulation of C/EBP␤ DNA binding, we addressed the mechanism of auto-inhibition. C/EBP␤ was expressed in HEK293T cells without or with H-Ras V12 , and nuclear extracts normalized for C/EBP␤ levels were analyzed by EMSA using a consensus C/EBP site probe. As shown in Fig. 1A , Ras induced a significant increase in C/EBP␤ DNA binding when compared with its activity without Ras. The shifted protein species in lane 2 of the Western blot corresponds to phospho-Ser-64 (21), which does not regulate DNA binding, but its presence confirms C/EBP␤ activation by Ras signaling. The binding activity of endogenous C/EBP␤ in primary mouse fibroblasts is also induced by H-Ras V12 (18) , showing that stimulation of C/EBP␤ DNA binding is a physiological response to Ras.
A truncated protein containing only the C-terminal bZIP DNA-binding domain (DBD) displayed much higher basal activity that was not further stimulated by Ras (Fig. 1A , lanes 5 and 6). Thus, C/EBP␤ DNA binding in unstimulated cells is constrained by sequences located in the N-terminal region, and this auto-repression is overcome by Ras signaling. A construct containing the N-terminal transactivation domain (TAD; aa 22-104) fused to the DBD (aa 212-297), denoted 22-104/DBD, was also partially inhibited and derepressed by Ras (lanes 3 and 4). Thus, the TAD region itself has inhibitory effects on DNA binding. Transactivation assays using a C/EBP-driven reporter (2ϫ C/EBP-Luc) showed that C/EBP␤ (LAP) possesses low basal transcriptional activity that is strongly increased (ϳ20-fold) by Ras V12 (Fig. 1B) . 22-104/DBD displayed higher basal transactivation, and its Ras-induced activity was also increased relative to LAP, whereas DBD did not appreciably activate transcription because it lacks a TAD.
To provide additional evidence for intrinsic repression of C/EBP␤, we analyzed DNA binding of purified, bacterially expressed proteins (Fig. 1C) . C/EBP␤ (LAP) binding was undetectable, whereas 22-104/DBD binding was low but measurable, and DBD exhibited very high activity. These results are similar to those observed for the same proteins expressed in mammalian cells without Ras, strongly suggesting that low basal DNA binding is due to intrinsic inhibition by the N-terminal region.
To further define C/EBP␤ auto-inhibitory sequences, we analyzed a set of N-terminal deletion mutants (Fig. 2) . 64 -297, which lacks the N-terminal part of the TAD, was auto-repressed and was activated by Ras similarly to WT LAP (compare lanes [1] [2] [3] [4] . However, 102-297 (lacking the entire TAD) showed increased basal activity that was further stimulated by Ras. The enhanced basal activity observed upon removal of aa 64 -102 indicates the presence of a repressive sequence within this interval. Deletion to aa 122 further derepressed basal activity, revealing another inhibitory sequence in the 102-122 interval.
Figs. 1A and 2 demonstrate that at least two elements are involved in auto-repression because sequences both N-terminal and C-terminal to aa 104 confer partial inhibition. Interestingly, the naturally occurring LIP isoform (153-297) displayed nearly undetectable binding activity and was refractory to Ras activation (Fig. 2, lanes 9 and 10) . Thus, LIP apparently contains an auto-inhibitory element but lacks sequences required for activation by Ras. The differential regulation of LAP and LIP DNA binding was consistently observed and is currently under further investigation. Removal of sequences to aa 170 resulted in a fully derepressed protein, similar to the DBD alone (lanes [11] [12] [13] [14] , thus identifying a third inhibitory region near the N terminus of LIP.
Insights from Sequence AnalysisWe next used several sequence analysis tools to search the C/EBP␤ sequence for regions of hydrophobicity and potential secondary structure as these properties are associated with elements involved in inter-or intraprotein interactions that could mediate auto-repression. The N-terminal region is mostly unstructured, with pockets of hydrophobicity and a few short segments of possible secondary structure, mainly ␣-helix (Fig. 3A) . Some of the structured segments overlap with functional elements in the TAD. Prediction of linker regions and hydrophobic cluster analysis (Fig. 3B) suggested that the N-terminal region of LAP (aa 22-211) contains three folded subdomains denoted I (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , II (52-118), and III (143-171, corresponding to CR7 (17) ). Subdomain I is populated by short hydrophobic helices, and II contains two helices (clusters IIa and IIb) and a short extended strand (cluster IIc) that overlaps with CR5. The shape of cluster III suggests that this region may comprise a combination of ␣-helix and extended strand structure. Subdomains I and II are connected by a short disordered linker, whereas II and III are separated by a hydrophobic but solvent-exposed Pro-rich loop. Subdomains I and II together encompass the TAD (22-104), which is composed of three conserved activation domain modules (14) that correspond to three hydrophobic helices within this region (I, IIa, and IIb). We also used the PHD method to predict the solvent accessibility of each amino acid (Fig. 3A) . This analysis shows a preponderance of buried residues in regions associated with auto-repression (hydrophobic clusters IIb, IIc, and III). The N-terminal part with potential to fold into a globular structure (hereafter referred to as the N-terminal domain) is separated from the bZIP domain by a solvent-exposed region devoid of regular structure.
Clusters IIa and IIb coincide with the major activation domain module that binds to coactivators such as p300/CBP and TAF II 31 through an ␣-helical XX motif, LSDLF (Fig. 3A, boxed sequence) (14, 23, 34) . Sequence inspection revealed a second XX-like motif in cluster III and a third within a region at the C/EBP␤ C terminus that mediates binding to c-Myb (35) . The presence of buried XX motifs within two auto-inhibitory segments in the N-terminal region (Fig. 2) suggests that these sequences could mediate intramolecular interactions that stabilize the repressed conformation. Proteins were expressed in 293T cells without or with oncogenic H-Ras V12 , and nuclear extracts were prepared after overnight serum starvation. After equalizing C/EBP␤ protein levels by Western blotting (WB, lower panel), the extracts were analyzed by EMSA using a radiolabeled consensus C/EBP probe. The upper band in lane 2 (LAP ϩ Ras) corresponds to Ras-induced phosphorylation on Ser-64. B, C/EBP␤ proteins were analyzed in transactivation assays Ϯ Ras V12 using a C/EBP-driven reporter, 2ϫ C/EBP-luc. Cells were harvested for luciferase assays after overnight serum starvation. Normalized activity of the reporter alone was set to one, and all other values are expressed as -fold activation relative to the reporter. Data are the average (Ϯ S.E.) of three independent experiments. C, the C/EBP␤ proteins described in panel A were expressed in E. coli, purified, and analyzed by EMSA. Protein levels were equalized by SDS-PAGE/Coomassie Brilliant Blue staining (lower panel). Mutational Analysis of Auto-inhibitory Motifs-To assess the roles of the putative protein interaction elements in autorepression, we generated site-directed mutations. Hydrophobic residues at positions 1, 4, and 5 of the XX motifs in the N-terminal region (LX1, aa 88 -92; LX2, aa 161-165) were converted to Ala, and hydrophobic cluster IIc (aa 108 -114), termed the AID, was deleted (Fig. 4A ). mLX1 and mLX2 were constructed singly and in tandem, and ⌬AID was created alone or with mLX1/2. Each of the single mutations caused a modest increase in basal DNA binding, with mLX2 having the largest effect, but they did not affect the Ras-induced binding (Fig. 4A) . The double mutant mLX1/2 was slightly more active than mLX2. Notably, the mLX1/2⌬AID triple mutant was fully derepressed and was not further activated by Ras. Thus, the LX1, LX2, and AID motifs mediate auto-inhibition by the N-terminal region.
Transactivation assays showed that mutants containing mLX1 were very poor transcriptional activators, as expected because LX1 is a critical component of the TAD (Fig.  4B) . The Ras-stimulated activity of mLX2 was nearly 3-fold higher than WT LAP, and ⌬AID was at least 4-fold greater. Plotting the luciferase data on a different scale (inset) shows that these two mutations also enhanced basal activity. However, Ras-induced transcription was invariably much higher than the basal value, even for mutants whose unstimulated DNA binding activity was significantly derepressed. This suggests that Ras signaling also enhances the transcriptional potential of C/EBP␤ independently of DNA binding.
We next analyzed DNA binding of purified recombinant proteins containing a subset of the XXlike (LX) and AID mutations (Fig.  4C ). mLX2 had a small enhancing effect, whereas mLX1/2 further increased DNA binding, and the activity of the triple mutant was even higher. Thus, the results of Fig.  4 , A-C, show that C/EBP␤ is intrinsically repressed by three elements located in the N-terminal half of the protein.
XX ␣-helices often include charged residues that contribute to the specificity and stability of interactions with binding partners (36) . LX1 is flanked by 3 Asp residues that form a negatively charged edge on the hydrophobic core (Figs. 3B and 4D) . To investigate the function of these residues in auto-repression, we analyzed Asp3 Arg substitution mutants (D86R and D94R/D95R). Both mutants were auto-repressed; however, binding by the D86R mutant was only weakly activated by Ras, whereas D94R/D95R was completely resistant to activation (Fig. 4D ). Transactivation by both of these mutants was also severely decreased (Fig.  4E) . Thus, negatively charged residues flanking LX1 are not critical for auto-inhibition but play an important role in C/EBP␤ activation by Ras signaling, in agreement with previous data (37) . The reduction in Ras-induced transcriptional activity by these mutants probably involves not only decreased DNA Predictions of secondary structure (H, helix; E, extended strand) and relative solvent accessibility (e, residues exposed with more than 36% of their surface; b, residues with less than 9% of surface exposed) as determined by the PHD method (28) are shown below the sequence. Boxes indicate XX-like motifs. Boundaries of the CR5/7 and RD1/2 auto-inhibitory domains are depicted. B, two-dimensional helical representation of the LAP N-terminal region (hydrophobic cluster analysis plot). The sequence is displayed on a cylinder representing an ␣-helix with 3.6 amino acids per turn. The cylinder is then cut parallel to its axis, unrolled, and duplicated to better visualize the environment of each amino acid. Hydrophobic residues are colored green; acidic residues are red; and basic residues are blue. Red star, prolines; diamond, glycines; open square, threonines; dotted square, serines. Hydrophobic clusters are encircled. Brackets below the hydrophobic cluster analysis plot indicate borders of the putative folded regions (designated I, II (a-c), and III) defined by the PreLink program (31).
binding but also impaired interactions with coactivators (e.g. in the p300 TAZ2⅐p53 complex, p53 Glu-17, which is equivalent to C/EBP␤ Asp-86, forms a salt bridge interaction with TAZ2 Arg-1731 (38) ).
Identification of Sequences in the bZIP Region Mediating Auto-inhibition-To identify elements in the DBD that participate in auto-inhibition, we generated a nested set of deletions that remove sequences from the C terminus and the end of the LZ (Fig. 5A) . Deletion of aa 286 -297 (STOP6) had little effect on DNA binding. Resection to aa 279 (STOP5) led to reproducibly higher basal activity, implicating sequences between aa 279 and 286 in auto-repression. A protein ending at residue 272 (STOP4) displayed very low basal and Ras-induced binding activity, and further deletion completely eliminated DNA binding (data not shown). The latter results are probably due to disruption of LZ function and loss of dimerization. The CRD identified by these deletions also mediates cooperative interactions with c-Myb (35) . We noted that it contains a XX Two XX motifs and the AID were mutated by Ala substitution (mLX1, mLX2) or deletion (⌬AID), singly and in combination. Mutant proteins were expressed in 293T cells and tested by EMSA for basal and Ras-induced DNA binding. The mLX1 mutation consistently reduces the mobility of C/EBP␤ in SDS-PAGE gels (see also panel C and Fig. 6C ), most likely due to a conformational change. WB, Western blot. B, mutants were analyzed in transactivation assays using 2ϫ C/EBP-Luc reporter. The inset shows the basal activities graphed on a different scale. C, the indicated proteins were expressed in E. coli, purified, and tested for DNA binding by EMSA. Bottom, protein levels used for EMSA. D and E, effects of mutating acidic residues flanking LX1. Mutants depicted in the diagram were assayed for DNA binding (panel D) and transactivation (panel E) in 293T cells. Results of three independent assays were averaged (Ϯ S.E.).
motif (LX3) as well as an amino acid triplet, KQL, which is also present in the TF-binding site of p300/CBP TAZ2. We named this element "TAZ-like sequence" or TLS (Fig. 5A, diagram) . The region encompassing LX3 and TLS shows similar hydrophobicity to the TAZ2 helix that mediates p300/CBP binding to the p53 TAD and other TFs (Ref. 39 and references therein), including to C/EBP␤ via LX1. Significantly, Gln of the p300 KQL motif forms a buried hydrogen bond with aspartic acid from the p53 TAD "signature helix" (FSDLW) (38) . Therefore, by analogy to the p53-TAZ2 interaction, we hypothesized that the C/EBP␤ C terminus may participate in binding to N-terminal inhibitory sequences such as LX1 (LSDLF). Mutation of LX3 and TLS caused a modest but reproducible increase in basal DNA binding and enhanced activation by Ras (Fig. 5A, lanes 9 -12) , indicating a role in auto-inhibition. The STOP5, mLX3, and mTLS mutants showed similar derepression when introduced into 22-104/DBD (data not shown). We further examined the role of the LZ region by analyzing a chimeric protein containing the GCN4 LZ (C/EBP␤-G LZ ) (14) . C/EBP␤-G LZ DNA binding was completely repressed and was refractory to Ras activation (Fig. 5B, lanes 1 and 2) ; transactivation was similarly impaired. The reduced activity of C/EBP␤-G LZ is not due to an inability of the chimeric DBD to bind DNA because an N-terminally truncated version of this protein (170 -297) showed robust DNA binding (lanes 3 and 4) . We conclude that the GCN4 LZ contains sequences capable of making inhibitory interactions with the C/EBP␤ N-terminal region but lacks elements required for activation, such as the RSK phosphorylation site (Ser-273) recently identified in the C/EBP␤ LZ (18) .
Previous studies showed that the C/EBP␤ TAD is inhibited by the bZIP region and by central regulatory domains (14, 16) . To further investigate the basis for this inhibition and to identify repressive sequences in the bZIP domain, we fused WT and mutant 22-104/DBD constructs to the GAL4 DBD and analyzed the ability of these chimeras to activate a GAL4 reporter gene (Fig. 5C ). GAL4-(22-104/DBD) activity was auto-repressed and was stimulated nearly 30-fold by Ras, much like native C/EBP␤ (LAP), whereas GAL4-(22-104) displayed constitutively high activity. GAL4-LAP was also repressed and could be activated by Ras (data not shown). Thus, the bZIP region inhibits the TAD, and this repression can be reversed by Ras signaling. Deletion of the basic region in GAL4-(22-104/ DBD) caused a 5-fold increase in basal transactivation and a 3-fold increase in Ras-induced activity when compared with WT. Therefore, the BR plays a critical role in auto-inhibitory interactions between the TAD and DBD. Mutating LX3 or TLS also slightly increased basal activity. Interestingly, Rasinduced transcription by these mutants was decreased relative to GAL4-(22-104/DBD), in contrast to the increased DNA binding and unaltered transactivation observed for the same mutations in native C/EBP␤ (Fig. 5A) . These findings suggest that the auto-inhibitory LX3 and TLS elements can also play a positive role in transcription depending on the promoter context.
Physical Interactions Involving the N-terminal Auto-inhibitory Domain and the DBD-
We next used GST pulldown assays to assess physical interactions between N-terminal sequences and the DBD (bZIP region). For these experiments, we analyzed binding of GST⅐DBD to two N-terminal C/EBP␤ polypeptides, 22-104 and . Both fragments bound to GST⅐DBD but not to GST alone (Fig. 6A) . The addition of various divalent cations to the pulldown reaction showed that 22-104 binding to GST⅐DBD was relatively unaffected by the addition of Ca 2ϩ , Mg 2ϩ , or Zn 2ϩ , whereas 22-192 binding was strongly enhanced by Zn 2ϩ (Fig. 6B) . It is possible that Zn 2ϩ ions enhance auto-inhibitory interactions by cross-linking residues from 104 -192 to the bZIP region. However, the molecular/structural basis for the Zn 2ϩ effect and the divalent cation specificity remains to be determined.
To determine whether the auto-inhibitory motifs are required for binding of the N-terminal sequences to the DBD, we analyzed several mutants. Introduction of mLX1 into 22-104 prevented its association with GST⅐DBD, and the mLX1/mLX2/⌬AID 22-192 mutant also showed greatly reduced binding (Fig. 6C) . Thus, sequences required for C/EBP␤ auto-repression mediate physical association with the DBD region. We next analyzed mutant versions of GST⅐DBD to determine which sequences in the bZIP domain are required for interaction with the N terminus. Deletion of the basic region strongly impaired binding to (Fig.  6D) , whereas STOP5, mLX3, and mTLS also reduced the association, albeit less severely. Because RSK-mediated phosphorylation of Ser-273 in the LZ is required for Rasinduced DNA binding (18), we examined S273A and S273D mutations. The S273A mutation had little effect on binding to 22-192 (lane 5) , whereas the phosphomimetic S273D substitution decreased this interaction (lane 6). These findings support the idea that Ser-273 phosphorylation disrupts intramolecular interactions with the N-terminal region that mediate auto-inhibition.
Our results suggest that C/EBP␤ auto-repression involves contacts between the CRD region and the TAD LX1 motif, which also binds to CBP/p300 via TAZ2. If this model is correct, auto-inhibition should be disrupted by competitive binding of peptides that interact with LX1. To test this possibility, we incubated purified TAZ2 domain of p300 (27) with bacterially expressed 22-104/DBD and analyzed DNA binding. Binding was strongly enhanced by TAZ2, whereas a control p53 peptide had no effect (Fig. 7A, top panel) . Derepression was also induced by a synthetic CRD peptide from C/EBP␤ that encompasses LX3 and TLS. In contrast, DBD DNA binding was not stimulated by any of the peptides, ruling out nonspecific effects (Fig. 7A, bottom panel) . The TAZ2 and CRD peptides also stimulated the binding of repressed C/EBP␤ (LAP) expressed in 293T cells, whereas the p53 peptide had no effect (Fig. 7B) . Again, binding of the constitutively active DBD protein was unaffected by the competitor peptides. These data further support the idea that LX1 interacts with sequences at the C terminus to inhibit C/EBP␤ activity.
C/EBP␤ Binding to p300/CBP Coactivators Requires the N-terminal Auto-inhibitory Elements-C/EBP␤ was reported to interact with p300/CBP coactivators via LX1 (34, 40, 41) . Subsequently, the region C-terminal to the TAD was shown to also have a role in CBP binding (23) . Because AID and LX2 are within this region and exhibit features of protein interaction domains, we hypothesized that they might participate in association with p300/CBP. Therefore, we used co-immunoprecipitation to assess binding of WT and mutant C/EBP␤ proteins to a C-terminal segment of CBP encompassing TAZ2 (CBP 1680 -2441 ) (23) . WT C/EBP␤ was expressed without or with Ras V12 in 293T cells, and extracts were incubated with a lysate from cells expressing FLAG-CBP 1680 -2441 . Following immunoprecipitation with FLAG antibody, C/EBP␤ in the bound fraction was analyzed by Western blotting (Fig. 8A) . Efficient binding to CBP 1680 -2441 occurred only when C/EBP␤ was expressed in the presence of Ras V12 (compare lanes 1 and 2) , demonstrating that activated C/EBP␤ is uniquely capable of making this association. Notably, each of the auto-inhibitory domain mutants (mLX1, mLX2, ⌬AID) expressed with Ras displayed greatly reduced CBP binding (lanes 3-5) . Identical results were obtained using HA-tagged p300; i.e. interaction with C/EBP␤ required activation by Ras, and the auto-inhibitory domain mutants failed to bind p300. Furthermore, a p300 mutant lacking critical sequences in the TAZ2 domain (p300 d33) (24) displayed reduced binding to WT C/EBP␤, confirming that association with p300 involves TAZ2. These findings were further corroborated in transactivation assays (Fig. 8B) . Co-expression of p300 stimulated C/EBP␤-driven transcription of the 2ϫ C/EBP-luc reporter by ϳ2-fold (p ϭ 0.02). This augmentation occurred only in the presence of Ras signaling and did not affect basal C/EBP␤ activity. However, none of the N-terminal auto-inhibitory domain mutants showed significant stimulation by p300 despite increased Rasinduced transcriptional activity of mLX2 and ⌬AID due to their impaired auto-inhibition (see also Fig. 4B) . Collectively, the data of Fig. 8, A and B, strongly suggest that activated C/EBP␤ binds to p300/CBP via the LX1, LX2, and AID elements, which also play critical roles in auto-repression.
DISCUSSION
The involvement of C/EBP␤ in cellular responses to oncogenic Ras or Raf (9 -12) suggested that its activity may be regulated by Ras signaling. Previous work demonstrated that the transcriptional potential of C/EBP␤ is stimulated by activated Ras or other kinase oncogenes (9, 16, 42) . In the present study, we have extended these findings and show that C/EBP␤ DNA binding activity is auto-repressed and becomes activated in cells expressing oncogenic Ras V12 . Earlier studies identified auto-inhibitory regions CR5/7 (16) and RD1/2 (14) and roughly mapped their boundaries based on sequence conservation or deletion analysis. Here we show that three distinct N-terminal sequences that are predicted to form secondary structures inhibit C/EBP␤ DNA binding. These include AID, which is located within CR5, and two LX motifs. In addition, the LX3 and TLS motifs in the CRD region contribute to auto-inhibi- . D, effects of mutations in the bZIP domain on binding to the N-terminal region. DBD mutants were fused to GST, and the expressed proteins were absorbed to glutathione beads, equalized for GST levels, and analyzed for binding to tion. Thus, our study now provides a more detailed model of C/EBP␤ auto-inhibition. We propose that the repressed conformation of C/EBP␤ involves a hydrophobic core formed by association of the N-terminal inhibitory elements and the CRD, as depicted in Fig. 8C . The TAD alone also confers partial repression (Fig. 1) , and LIP, which contains only LX2/cluster III, is strongly auto-inhibited (Fig. 2) . 4 These results suggest that an inhibited structure can be formed by subsets of the N-terminal repressive elements. However, optimal repression of DNA binding and transactivation requires all three sequences.
The basic region appears to be a critical target of inhibition by the N-terminal region. We hypothesize that intramolecular interactions between the N-terminal domain and CRD induce a stable fold that generates a binding site for the BR, which is unstructured in the absence of DNA (43, 44) , and this interaction prevents the BR from binding to DNA. Association of the BR with the N-terminal domain may involve electrostatic attractions between basic residues and negatively charged amino acids in the TAD region and/or hydrophobic interactions involving aliphatic portions of specific basic amino acid side chains. This mode of interactions involving both hydrophobic and electrostatic components mediates binding of Lys/ Arg clusters from bipartite nuclear localization sequences to importin-␣/Kap␣ (45) . X-ray crystallography of the C/EBP␣ bZIP domain bound to DNA showed that a single conserved Arg residue in the BR plays a critical role in the DNA-protein interface, and mutating this amino acid abrogates DNA binding (46) . Thus, sequestration of the analogous residue (Arg-230) in auto-repressed C/EBP␤ may be sufficient to inhibit its binding activity. Further structural and mutagenesis studies are required to elucidate the detailed intramolecular interactions that repress C/EBP␤ DNA binding.
X-ray crystallography of the C/EBP␤ DBD in complex with c-Myb, which cooperates with C/EBP␤ to activate myeloid-specific genes such as mim-1 (47) (48) (49) , showed that the CRD region adjacent to the canonical LZ domain interacts with a subdomain of c-Myb to form a four-helix bundle (35) . However, in the absence of c-Myb, the CRD segment is disordered. Thus, CRD is available to participate in formation of the stable hydrophobic core of auto-inhibited C/EBP␤, as depicted in Fig. 8C . It is interesting to consider that interaction of CRD with cooperating TFs such as c-Myb on specific promoters could stimulate C/EBP␤ DNA binding and transactivation by disrupting the hydrophobic core and stabilizing the activated form of the protein. This model offers an appealing mechanism to explain the functional cooperativity between these two TFs (47) (48) (49) .
Although mutating LX3 and TLS was expected to increase the transcriptional activity of C/EBP␤ by disrupting auto-repression, GAL4-(22-104/DBD) chimeras bearing these mutations instead showed decreased transactivation potential (Fig.  5C) . Therefore, the CRD may positively regulate transcription from certain promoters. It is possible that CRD mediates interaction with coactivators or cooperating TFs such as c-Myb in specific promoter contexts. In support of this idea, the C/EBP␤ LZ/C-terminal region is known to play a key role in lipopolysaccharide-induced activation of pro-inflammatory cytokine genes (50, 51) , and a sequence at the C terminus specifies the ability of C/EBP␣, but not C/EBP␤, to activate the CYP2D5 cytochrome P450 gene in hepatic cells (52) . Thus, the CRD regions of C/EBP family members, all of which harbor XX motifs, may contribute to the distinct regulatory functions of each protein.
The inability of LIP to bind DNA, even in response to Ras, was unexpected but was observed in multiple cell lines. 4 The resistance to Ras activation is highly specific to LIP because deletions ending before and after the LIP start site display Ras-induced or constitutive DNA binding (Fig. 2) . Interestingly, a similar pattern of activity was seen for a panel of C/EBP␤ deletion mutants analyzed for lipopolysaccharideinduced activation of the MCP-1 gene (53). These results suggest that LIP DNA binding is indeed regulated differently from LAP and may contribute to its distinct biological functions. The mechanistic basis for differential regulation of LIP and LAP is presently unclear and is under further investigation. Although LIP is a transcriptional inhibitor, it can also function as an activator in conjunction with other TFs on specific target promoters (54) . The fact that LIP contains LX2 raises the possibility that this C/EBP␤ isoform provides a partial p300/CBP-binding site and thus could function cooperatively with other TFs to recruit coactivators to certain promoters. The fact that CR5/AID and LX2 are essential for p300/CBP binding shows that the interaction with these coactivators is more complex than previously envisioned and probably involves multiple contacts in both proteins. Indeed, a previous study showed that sequences in the C/EBP␤ TAD cluster IIa region (aka "Box A" (55) ) are also involved in CBP binding (23) . The CR5/AID and LX2 regions have not been associated with activating functions, and it is possible that the systems previously used to assess C/EBP␤ transcriptional activity, including the reporter assays employed in our study, do not require p300/ CBP as a coactivator. The critical role of the LX1 motif in transient reporter assays suggests that another coactivator or adapter protein, possibly TAF II 31, that interacts primarily via LX1 is essential for transcription in this setting. It is conceivable that p300/CBP recruitment is more relevant for activation of endogenous genes in a native chromatin environment, where basal transcription is stringently suppressed and histone acetylation is critical for gene induction. Thus, it will be of interest to determine whether AID and LX2 indeed contribute to transcription of specific chromatin-embedded target genes.
